A preventative human immunodeficiency virus (HIV) vaccine is urgently needed to curtail the global AIDS epidemic. Clinical trials of HIV vaccines have shown that the induction of type-specific binding-antibody responses alone is not sufficient to elicit protective immunity in humans (28, 34) . This finding is true despite the fact that antibody responses correlate with efficacy for the majority of currently licensed vaccines (5, 8, 48) . Furthermore, nonhuman primate studies suggest that antibody responses can prevent infection following mucosal challenge, an outcome that may not be possible with T-cell-based vaccines (2, 7, 72) . The recent failure of a vaccine, designed primarily to induce T-cell responses without Env-specific antibody responses (16, 17) , highlights the importance of trying to develop immunogens that will elicit broad Env-specific antibodies. Prior attempts using an Env glycoprotein-based vaccine design have been hampered either by poor immunogenicity (1) or by the lack of an antibody response that can effectively neutralize several circulating strains of HIV (56) . This result may be due partly to the use of recombinant Env glycoproteins based on a single viral isolate (38, 40, 47, 52, 59) . Attempts at vaccinating with recombinant viral vectors encoding Env glycoprotein and boosting with gp120 recombinant proteins have not been successful in generating broadly reactive antibodies capable of neutralizing primary viral isolates (35) .
DNA vaccines represent an alternative approach which has been shown to induce cell-mediated immune (CMI) responses (13, 41, 75) . Although DNA vaccines prime CMI and humoral responses, these responses have typically been low in magnitude in humans. Other strategies have combined a DNA prime vaccine regimen with a viral vector boost (13, 37, 58) in order to enhance immunogenicity. However, these approaches have been only marginally successful in the rhesus macaque animal model system, possibly because they did not induce protective antibody responses (46) . Another approach has been to use a viral vector prime followed by a recombinant protein boost, and this strategy induced low-level CMI responses and/or neutralizing antibodies to laboratory-adapted viral strains (10, 26, 39, 66, 68) . Similar to the latter vaccine strategy, a DNA prime/ protein boost approach has the potential for eliciting both cellular and humoral immunity. Additionally, priming with a DNA vaccine potentially allows for the immune response to focus on HIV epitopes by ignoring competing epitopes expressed by the recombinant viral vector (27, 29) . Recent preclinical studies with small animals and nonhuman primates demonstrated that a DNA prime and protein boost vaccine combination is effective in eliciting CMI and humoral responses (19, (60) (61) (62) . In addition, this strategy is more effective at inducing neutralizing antibodies against primary HIV isolates than the recombinant-protein approach alone (81) . In prior preclinical testing (84) , the DNA prime and protein boost strategy, using polyvalent primary Env antigens from clades A, B, C, D, and E as immunogens, was found to be more effective than the monovalent Env antigen in eliciting broad neutralizing antibodies in rabbits.
In a phase I clinical study, a polyvalent gp120 DNA prime/ protein boost approach induced antibody responses capable of neutralizing cross-clade viral isolates, in addition to T cells capable of secreting gamma interferon (IFN-␥) (83) . The robustness of these responses led us to further characterize the T cells generated by this polyvalent gp120 DNA prime/protein boost vaccine regimen. DNA vaccinations were able to generate dose-dependent polyfunctional Env-specific CD4 T-cell responses. Additionally, vaccine-induced CD4 T-cell responses were lower in magnitude when the DNA vaccine was administered intradermally (i.d.). The high-dose DNA vaccination induced T cells with the greatest breadth, magnitude, and number of functions. These data highlight the importance of the dose and route of administration of DNA vaccines in determining the character of CD4 T cells, further enhancing our understanding of the human immune response to immunization.
MATERIALS AND METHODS
Polyvalent DNA prime and protein boost DP6-001 formulation. The DP6-001 vaccine used in this study contained equal amounts of six individual DNA plasmids: five codon-optimized gp120 plasmids from primary HIV type 1 (HIV-1) isolates, subtypes A (92UG037.8), B (92US715. 6 [B] and Bal), C (96ZM651), and E (93TH976.17), and a codon-optimized gag gene from subtype C (96ZM651) (82) . The protein boost contained equal amounts of the five homologous gp120 proteins corresponding to the plasmids used for DNA priming (62) .
Study design. Complete details of the study design are described elsewhere (J. S. Kennedy, M. Co, S. Green, K. Longtine, J. Longtine, M. A. O'Neill, J. P. Adams, A. L. Rothman, Q. Yu, R. J. Leva, R. Pal, S. Wang, S. Lu, and P. Markham, submitted for publication). Briefly, 28 healthy HIV-1-seronegative subjects who participated in the trial were vaccinated at three time points (days 0, 28, and 84) with one of two different doses of DNA (1.2 and 7.2 mg) administered i.d. or intramuscularly (i.m.) ( Both the Gag and Pol peptide sets were also 20-mers overlapping by 10 amino acids. Optimized 10-mer CD8 epitopes were synthesized by the Mimitopes, Inc., peptide core facility (Raleigh, NC).
PFC. Cryopreserved peripheral blood mononuclear cells (PBMC) were analyzed at five time points: the baseline, 2 weeks after the final DNA prime vaccination (day 98), 2 weeks after the first protein boost (day 154, or Prot-1), 2 weeks after the second protein boost (day 210, or Prot-2), and 24 weeks after the second protein boost (day 364, or closeout). The samples were stimulated with homologous gp120 (subtype A and B) and HIV-1 Czm Gag (Gag Czm ) peptide pools and analyzed for the production of cytokines (IFN-␥, interleukin-2 [IL-2], and tumor necrosis factor alpha [TNF-␣]), the upregulation of the CD40 ligand (CD154), and degranulation (as indicated by CD107 expression) by polychromatic flow cytometry (PFC).
PBMC were washed twice in RPMI medium containing 10% human AB sera (R-10 medium) by centrifugation at 250 ϫ g for 10 min each time at room temperature. Costimulatory monoclonal antibodies (anti-CD28 and anti-CD49d; Becton Dickinson, San Jose, CA) at 1 g/ml each and 50 U of Benzonase (Novagen, Madison, WI)/ml were added to each tube containing 10 6 PBMC in 500 l of R-10 medium. For coculture, CD107a/CD107b-fluorescein isothiocyanate (FITC) (a/b) and CD154-phycoerythrin (PE; Becton Dickinson, San Jose, CA) were added. Cells were then pulsed with the appropriate peptide pool (each peptide, 2 g/ml; UMMS peptide core facility) for 1 h. Monensin (Becton Dickinson, San Jose, CA) was then added at 10 g/ml, and the addition was followed by a 5-h incubation at 37°C. The Env-A, Env-B, and Gag peptides used in the pools were 20-mers overlapping by 10 amino acids. Staphylococcal enterotoxin B (SEB; 1 g/ml) and CEF (NIH AIDS Research and Reference Reagent Program) were used as positive controls. An irrelevant peptide pool (HIV-1 Pol peptides from the NIH AIDS Research and Reference Reagent Program) was used as a negative control. The cells were washed twice with fluorescenceactivated cell sorter (FACS) wash (phosphate-buffered saline-1% fetal bovine serum) before Cytofix/Cytoperm reagent (Becton Dickinson, San Jose, CA) was added. After 20 min of incubation in the dark at room temperature, the cells were washed twice with perm/wash buffer. The cells were then labeled in a single step with the surface and intracellular antibodies.
For the analysis of the surface phenotype, the samples were stained with anti-CD3-Pacific blue and anti-CD8-peridinin chlorophyll protein-Cy5.5 (Becton Dickinson, San Jose, CA) and anti-CD4-Alexa 610 (Caltag, Burlingame, CA). For the intracellular cytokine staining, anti-IL-2-allophycocyanin (APC), anti-TNF-␣-PE-Cy7, and anti-IFN-␥-Alexa Fluor 700 conjugated antibodies (Becton Dickinson, San Jose, CA) were used. The cells were washed once with perm/wash buffer and fixed in 2% paraformaldehyde. CD3 ϩ events (Ն100,000) were acquired on an LSR II flow cytometer (Becton Dickinson, San Jose, CA), and the data were analyzed using FlowJo version 8.1.1 software (TreeStar, San Carlos, CA). Lymphocytes were analyzed based on forward-and side-scatter profiles, and the gates were set based on the data for the medium control (irrelevant peptides). These gates were applied to all samples from the same individual for each time point. Cytokines that were produced were measured based upon the CD3 ϩ CD4 ϩ or the CD3 ϩ CD8 ϩ gates relative to the medium control values. The total event count for CD4 or CD8 T cells in each assay was Ն60,000. A response was considered positive for a cytokine or CD154 if the value was greater than or equal to the mean ϩ3 standard deviations for all vaccine samples in each group, as determined relative to the medium control values. For the response to be considered positive, the value also had to be more than two times the medium control value for each individual with a response magnitude of Ն0.01%. Only participant samples found to have a positive response (any cytokine or CD154 upregulation) were further analyzed for polyfunctional responses. The polyfunctionality of the T-cell responses was determined using PESTLE and SPICE software, provided courtesy of Mario Roederer, Vaccine Research Center, Bethesda, MD.
For memory and homing markers, PBMC samples for each antigen were stained in two tubes: tube 1 (CD3-Pacific blue, CD4-Alexa 750, CD127-PE, CD45RA-APC, CCR7-PE-Cy7, IFN-␥-Alexa 700, and IL-2-FITC) and tube 2 (CD3-Pacific blue, CD4-Alexa 750, CD27-PE, CD43-FITC, CD45RO-PE-Cy7, IFN-␥-Alexa 700, and IL-2-APC). For these experiments, a two-step intracel- A and B) .
b The DNA vaccine contained DNA for 5-valent gp120 (from subtypes A, B, C, E, and Bal) and a single Gag protein (from subtype C).
VOL. 82, 2008 T-CELL FUNCTIONALITY DEPENDS ON VACCINE ROUTE AND DOSE 6459 lular cytokine staining assay was used in which the surface markers were stained first, followed by the intracellular cytokines. This strategy was used for all markers except CCR7, which was stained prior to the two-step assay. All fluorochrome-conjugated antibodies were obtained from Becton Dickinson, San Jose, CA, except CD4-Alexa 750 (eBioscience, Inc., San Diego, CA).
Statistics.
Comparisons of continuous variables within each group were made using the nonparametric Wilcoxon test. Analyses of variables between each group were made using the nonparametric Mann-Whitney test. Differences in the responder frequencies were compared using Fisher's exact test. 
RESULTS

Induction of HIV-specific CD4 and CD8 T-cell responses.
Using PFC, we evaluated the T-cell phenotypes (i.e., CD4 versus CD8) and functional capacities of vaccine-generated T-cell responses by measuring degranulation (as indicated by CD107 expression), the upregulation of the CD40 ligand (CD154), and the production of cytokines (IFN-␥, IL-2, and TNF-␣) in response to Env-A, Env-B, and Gag Czm antigens (Fig. 1) . To determine the frequency of participants responding to the vaccine, we evaluated the presence of IFN-␥-producing CD4 T cells induced after DNA prime or protein boost vaccinations (Fig. 2) . Env-specific CD4 T-cell responses were detected in all three vaccine groups; however, the kinetics of the responses in the three groups were different. In group A (given DNA i.d.), vaccine-induced CD4 T cells were not detected following the DNA vaccinations and the peak frequency of responses to Env was observed after the second protein boost. In contrast, those subjects receiving the DNA i.m. (i.e., those in groups B and C) had CD4 responses after DNA priming alone. A significantly greater percentage of participants (83 to 100%) receiving the high-dose DNA vaccine (group C) than of participants in groups A and B had vaccineinduced CD4 T-cell responses at this post-DNA priming time point (P, Յ0.001 and 0.05, respectively). Low-frequency CD4 Gag-specific responses were seen in group C after the DNA priming. Similarly, Env-B-specific CD8 T-cell responses were observed only in this high-dose group after the DNA prime regimen (67% of the subjects were responders) (data not shown). The CD8 T cells in these responses tended to be monofunctional, producing IFN-␥ (in two vaccinees) or IL-2 or TNF-␣ (in one vaccinee each). The magnitude of the CD8 T-cell responses in the four responders after the DNA priming ranged from 0.02 to 0.24%. Env-specific CD8 T-cell populations declined following the first protein boost and were not detectable at the time of the study closeout (data not shown).
Following DNA vaccinations, group C subjects also had higher magnitudes of Env-specific CD4 T cells than group A or B subjects for each of the four functions analyzed (P Յ 0.023) (Fig. 3, panel i) . The magnitude of CD4 T cells in group B (given DNA i.m.) was also higher than that in group A (given DNA i.d.) for each of the three cytokines (P Յ 0.045). Following the first protein boost (for groups A, B, and C) and the second protein boost (for groups A and B only), the magnitudes of vaccine-induced CD4 T-cell responses in the groups were indistinguishable (Fig. 3 , panels ii and iii). The differences in magnitude among the three groups were independent of whether Env-A or Env-B was used for PBMC stimulation.
CD154 (CD40 ligand) upregulation after a short-term in vitro stimulation with antigens was recently shown to be a good marker for the assessment of recently activated antigen-specific TH cells (15, 32) . Additionally, the expression of the CD40 ligand by CD4 T cells is critical for the initiation of a T-cell-dependent antibody response (6, 12, 77) . Env-specific CD154 ϩ CD4 T cells producing IFN-␥, IL-2, or TNF-␣ were detected in all three vaccine groups postvaccination (Fig. 4) . The dominant cytokines produced by CD154 ϩ CD4 ϩ T cells in response to any of the three antigens tested (i.e., Env-A, Env-B, and Gag Czm ) were IFN-␥ and IL-2. In group A, the peak response to Env-A or Env-B was observed after the second protein boost (Prot-2) (Fig. 4a) . In group B, the magnitude of the response increased significantly after the DNA vaccine (day 98); however, similar to that in group A, this response peaked after the second protein boost (Fig. 4b) . In group C, the magnitude of the response peaked after the DNA
FIG. 2. Frequency of CD4 T-cell responses in vaccinees.
The percentages of subjects in each of the three groups, group A (given a low dose i.d.), group B (given a low dose i.m.), and group C (given a high dose i.m.), that were positive for IFN-␥ at various time points postvaccination are shown. Env-A-and Env-B-specific responses were significantly more frequent in group C than in the other groups ‫,ء(‬ P Յ 0.001, and ‫,ءء‬ P Յ 0.05, respectively; Fisher's exact test). DNA, day 98.
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prime vaccinations, but a single protein boost did not increase the magnitude of the CD4 T-cell response (Fig. 4c) . Gagspecific CD4 T-cell responses were lower in magnitude than Env-specific CD4 T-cell responses and were seen only in group C (Fig. 4c) .
The vaccine induces polyfunctional Env-specific CD4 T cells. Next, we measured the contributions of one to four functions (the upregulation of CD154 and the production of IFN-␥, IL-2, and TNF-␣) of antigen-specific CD4 T cells in the three vaccine groups (Fig. 5) . After volunteers received the three DNA
FIG. 3. Comparison of the magnitudes of the Env-specific CD4
ϩ T-cell responses. The production of IFN-␥, IL-2, and TNF-␣ and the upregulation of CD154 in each of the three groups, i.e., groups A, B, and C, at 2 weeks after DNA administration and 2 weeks after each of the two protein booster doses (Prot-1 and Prot-2) were analyzed. Statistical comparisons were made using the Mann-Whitney U test. immunizations i.d. (group A; day 98), there were few T-cell responses and the T cells possessed mainly one to two functions (Fig. 5a) ; however, the functional response improved significantly (i.e., cells demonstrated Ն3 functions) following the second protein boost (P ϭ 0.005). Participants in group B had Env-specific polyfunctional CD4 T-cell responses whose pattern was slightly different from that of group A responses (Fig. 5b) . The DNA given i.m. (to groups B and C) tended to induce a greater frequency of CD4 T cells with Ն3 functions after the DNA priming than the DNA vaccination given to group A. Also, polyfunctional responses were not increased after the first protein boost, while the second protein boost induced a higher frequency of CD4 T cells with four functions in the group B vaccinees. Interestingly, participants receiving the high-dose DNA had a significantly greater percentage of vaccine-induced CD4 T cells that were able to fulfill Ն3 functions after the DNA vaccination regimen alone than those in groups A and B (P ϭ 0.0007 and 0.0002, respectively) (Fig. 5c) . The level of polyfunctionality of these responses (the frequency of cells with Ն3 functions) in group C remained higher than that in group B (P ϭ 0.023) but not that in group A after the first protein boost.
The CD4 T-cell responses were characterized by an effector memory T-cell phenotype. T cells can be classified based on costimulatory (CD27), homing (CCR7), and activation (CD45RA and CD45RO) markers into naïve, effector memory, central memory, and terminally differentiated effector cells (3, 33, 43, 44, 50, 51, 70, 71, 87) . A recent study (45) lo . CD43 was also found to play a key role in the differentiation of human CD4
ϩ T cells into a TH1 pattern (65) . CD127 (IL-7 receptor) is another marker that has also been used by numerous groups to distinguish CD8 ϩ and CD4 ϩ memory T cells in HIV-1 patients (18, 54, 67, 85) .
We characterized the memory cell phenotype markers on responder CD4 T cells from a subset of individuals from each group (a total of eight: three in group A, three in group B, and two in VOL. 82, 2008 T-CELL FUNCTIONALITY DEPENDS ON VACCINE ROUTE AND DOSE 6463 group C) at time points after DNA (day 98; n ϭ 6) and glycoprotein boost (day 210; n ϭ 8) vaccinations. For all groups, the CD4 T cells making IL-2 in response to Env-A or Env-B antigen on day 98 were predominately those with CD127 hi CD45RA Ϫ CCR7 Ϫ (effector memory), CD27 ϩ CD45RO ϩ (memory), and intermediate-level-CD43-expression CD27 hi phenotypes (Fig. 6 ). The patterns did not differ among groups, except that CD127 lo IFN-␥ ϩ CD4 ϩ T cells were detectable only in group C following the DNA vaccinations (data not shown). The memory phenotype pattern did not change after the two glycoprotein boosts, despite an increase in the response magnitude (data not shown). Hence, the overall memory phenotype in the three groups (CD45RA
suggests that these CD4 T cells largely represent an effector memory phenotype, making both IFN-␥ and IL-2 (42).
DISCUSSION
To date, only two studies have reported the use of a DNA prime and protein boost strategy in humans. In the first study, a DNA vaccine encoding hepatitis B virus surface antigen given i.d., followed by a recombinant protein boost given i.m., elicited an antibody response only after the protein boost (74) . In the second study, which investigated a malaria vaccine using a DNA and protein boost vaccine approach (80), antibody and T-cell responses were induced. A single function (IFN-␥ production) measured by an enzyme-linked immunospot assay was used to assess the T-cell responses in that study. The present study simultaneously characterized several functions of the vaccine-induced T cells seen with a polyvalent HIV-1 DNA prime/glycoprotein boost vaccine strategy that was previously shown to induce cross-clade neutralizing antibody responses in humans (83) . We demonstrated that this vaccine regimen induced predominantly Env-specific CD4 T-cell responses, irrespective of the dose and route of administration. However, the magnitudes and functional kinetics of the responses differed significantly among groups. CD4 ϩ T-cell responses were very weak in the participants receiving the DNA vaccine i.d. but were detected in the majority of participants receiving the same DNA vaccine dose i.m. The high-dose DNA given i.m. was unique, inducing both CD4 T cells with greater function than those induced by the lower dose and Env-specific CD8 T cells. Similarly, Gag-specific CD4 T cells were reliably detected only in the high-dose DNA group.
The high proportion of IL-2-producing CD4 T cells following vaccination is in accordance with published data that protein-based vaccines induce IL-2-secreting cells whereas infections induce more IFN-␥-secreting cells (21, 22) . The effector memory CD4 T cells generated in this study (CD127 hi CD45RA
Ϫ CCR7 Ϫ ) were multifunctional, with CD154-expressing CD4 T cells having the capacity to secrete IFN-␥ and IL-2. This phenotype has been reported previously for longterm nonprogressors and aviremic patients on highly active antiretroviral therapy (42, 86) . Cells with such a memory phenotype have proliferative potential and can be the source of the rapid generation and maturation of CD4 T cells with an effector function (42) . Stubbe and colleagues (73) also demonstrated that hepatitis B vaccination results in the generation of a polyfunctional effector memory T-cell phenotype. Although polyfunctional CD4 T cells are better at effector functions than monofunctional cells and are needed for optimal and sustained protection, repeated vaccine administration may be necessary to maintain such responses when immunogens other than live and replicating vectors are used (20) . Antigen-specific CD8 T-cell responses were lower in frequency, seen only in the high-dose DNA group, and the T cells in these cases expressed IFN-␥ or CD107, suggesting the possibility that CD8 T-cell responses were underestimated by using pools of 20-mers. We therefore tested an A2-and A11-restricted Env-B peptide (TK-10 peptide), TVYYGVPVWK (amino acids 4 to 13), in four subjects. The frequency of CD8 T cells producing IFN-␥ in response to this 10-mer was similar to the frequency of such cells in response to the 20-mer peptide encompassing it (data not shown). This skewing toward a CD4 T-cell response is consistent with the findings of two recent studies in which DNA vaccines induced antigen-specific CD4 and CD8 T cells in about 90 and 40% of participants, respectively (13, 14) .
We previously demonstrated that following the DNA vaccine priming, antibody responses were reliably induced with only the high-dose preparation (83) . While numerous preclinical data have demonstrated a dose effect with DNA vaccines, there are limited clinical trial data on this issue. Part of the explanation for this lack of information is the historically poor immunogenicity of DNA vaccines when given alone to humans (23, 25, 57, 63) . Nevertheless, in trials of DNA vaccines in which immune responses have been induced, a dose-dependent increase of T-cell responses has been shown in one study (79) but not in others (41, 55) . Our finding that CD4 T cells generated by the higher DNA vaccination dose were greater in magnitude and function (i.e., the ability to secrete three cytokines and upregulate CD154) demonstrates that the dose is an important factor in determining the quality of immune responses. Despite the improved CD4 T-cell responses induced by the high-dose DNA, the subsequent administration of a recombinant gp120 protein did not boost this response, indicating either the ineffectiveness of the protein along with the QS-21 adjuvant to boost CD4 without subsequent priming or a null or even detrimental effect of repeated vaccinations with (4, 9, 24, 31, 36, 49, 53, 64, 69, 78) . These trials have generally used particle-based vaccines, but one trial demonstrated that antibody responses in volunteers receiving a hepatitis B vaccine i.d. were diminished compared to those in subjects receiving the vaccine i.m. (76) . However, in that trial, the i.d. dose was 1/10 of the i.m. dose. We are not aware of any previous study that has compared the i.d. and i.m. routes of delivery of DNA vaccines in humans. Our findings suggest that DNA vaccines and particle-based vaccines may behave differently depending on the route of administration and demonstrate that such information cannot simply be extrapolated from prior studies based on other forms of vaccines.
The identification of positive neutralizing antibody responses (titers of Ͼ1:20) against laboratory-adapted and pseudotyped viruses expressing Env from primary isolates from clades A, B, C, D, and E, as well as the gp120-specific immunoglobulin G titers (83) , matched the onset and maturation of T-cell responses as measured in this study (data not shown). However, the magnitude of Env-specific CD4 T-cell responses as measured by any of the four functions did not significantly correlate with the magnitude of binding or neutralizing antibodies (data not shown). The induction of antibody responses is likely the result of a complex series of interactions, and our data indicate that they are impacted by factors in addition to CD4 T cells.
In summary, this polyvalent HIV-1 DNA prime/protein boost vaccine regimen induced different qualities of immune response following the DNA priming depending upon the dose and route of administration. This information may be useful for the future application of DNA vaccines to be used alone or in combination with other vaccines. The protein boosts resulted in CD4 T cells that were similar among the low-dose groups, consistent with the antibody responses observed. The responses induced by the DNA, particularly with the high dose, are encouraging and suggest that this vaccine formulation could be used as an effective prime vaccine for a recombinant vectored vaccine boost. This finding is particularly important information when one considers that the vaccine-induced Tcell responses observed in clinical trials to date have been significantly lower than those observed in natural infection or primate models of vaccine protection.
